We have demonstrated a straightforward hydrophobic surface modification of graphene nanoplatelets (GNPs) through a defect-healing process to fabricate well-dispersed insulating low-density polyethylene (LDPE)/GNP nanocomposites and have confirmed their effective suppression of space charge accumulation. Without any organic modifiers, GNPs containing oxygen-based functional groups at the edges were successfully reduced at optimal high-temperature defect-healing condition and modified to have hydrophobic surface properties similar to those of the LDPE matrix. The degree of dispersion and the reproducibility of the mechanically melt-mixed LDPE/GNP nanocomposites were immediately analyzed by thickness-normalized optical absorption measurement. In the LDPE matrix, below the percolation threshold concentration, well-dispersed GNP fillers effectively acted as trapping sites under high electric fields, resulting in the successful suppression of packet-like space charge accumulation (field enhancement factor = 1 04 @ 0.1 wt% LDPE/GNP nanocomposite).
Introduction
Because of the surge in energy demand and the rapid development of renewable energy, there is a growing demand for high-voltage direct-current (HVDC) technology to achieve efficient electric power transmission between power generation and power consumption [1] [2] [3] [4] . Unlike high-voltage alternating-current (HVAC) cables, charges injected from conducting and semiconducting layers in HVDC cables easily accumulate within the insulating layer, resulting in space charges and causing electric filed distortion and electrical breakdown [5, 6] . Polyethylene, including low-density polyethylene (LDPE), high-density polyethylene (HDPE), and cross-linked polyethylene (XLPE), is a typical insulator used in high-voltage cables [7, 8] . Among the different types of polyethylene, high heat-resistant XLPE is the most widely used insulator owing to its extremely low electrical conductivity, low space charge accumulation, high electrical strength (up to 640 kV), and endurance in electric fields [2, 3] . However, because XLPE is generally made of a mixture of LDPE, organic peroxide, and additives, space charges easily accumulate in the insulating layer of the DC cable when byproducts (or contaminants) are formed during the manufacturing process [9, 10] .
To suppress the accumulation of space charges in the insulating layer of a DC cable, many studies have been conducted to add nanofillers with a high dielectric constant (κ) to the polyethylene matrix. Inorganic nanoparticles (κ = 6~10, MgO, SiO 2 , Al 2 O 3 , TiO 2 , ZnO, etc.) [11] [12] [13] [14] [15] and nanocarbons (κ = 10~15, carbon black, graphene, etc.) [16] [17] [18] have mainly been studied as nanofillers acting as charge trapping sites. Such nanofillers are known to provide charge traps in the polymer matrix that reduce the mobility of charged carriers, including electrons, holes, and polar species. There are various trapping mechanisms such as the bipolar charge-transport model [19] , trapping potential model [20] , and multicore model [21] ; however, according to the trapping potential model of Takada et al., when a high electric field is applied to an LDPE/nanofiller composite, dipoles are induced by dielectric filler and form an electrical potential well, trapping space charges therein. Highly conductive nanocarbons also enable the effective suppression of space charge accumulation by forming deeper potential wells than those of insulating inorganic nanoparticles; however, careful selection of filler size and loading content is required to avoid short-circuit and DC breakdown.
Thus, for nanocarbons to be introduced as a nanofiller that effectively reduces the space charges formed in the polyethylene matrix, a homogeneous dispersion is highly crucial. An inhomogeneous distribution of aggregated nanofillers will maximize the effect of electric field concentration and cause electrical breakdown [11] . Since polyethylene, as a base polymer, is composed of hydrocarbons showing a hydrophobic property, it is advantageous for the nanofiller to have a polyethylene-like surface in order to achieve uniform dispersibility. Hydrophobic surface modification is generally accomplished through covalent or noncovalent bonding between functional groups of nanocarbon and the organic modifier (silane, fatty acid/amine, etc.) [22, 23] . However, when a small amount of residual organic modifiers exists in the insulating layer of the DC cable, it may act as a contaminant and reduce the DC-breakdown thresholdvoltage [24] .
In this study, we investigated LDPE/graphene nanoplatelet (GNP) insulating nanocomposite for the suppression of space charge accumulation in the insulating layer of a HVDC power cable. For an effective dispersion of GNP fillers in the LDPE matrix, oxygen content on the GNP surfaces was finely tuned through a high-temperature (900°C) defect-healing process and the surfaces readily changed to hydrophobic under optimal annealing condition. The surface of the GNPs was successfully modified without the use of organic modifiers, and the quantitative dispersibility in the LDPE matrix was immediately analyzed via visible-light absorption-based optical measurement. The LDPE nanocomposite with defect-healed hydrophobic GNP fillers effectively suppressed the formation of packet-like space charges.
Materials and Methods
2.1. Materials. GNP powder was purchased from XG Science (C-750 grade, U.S.A.) and LDPE pellet was kindly supplied by LG Chem. Ltd. (Republic of Korea). All other chemicals used in this study were purchased from Sigma-Aldrich (U.S.A.).
Preparation of LDPE Nanocomposites Containing
Defect-Healed GNP Fillers. First, GNP powders were thermally treated at 900°C for 2 hours under Ar/H 2 (200/ 160 sccm) atmosphere. Thermally treated GNPs with different filler contents of 0.01, 0.03, 0.05, and 0.1 wt% were mechanically mixed with LDPE pellets for 5 minutes in a resonant acoustic mixer (RAM). GNP-coated LDPE pellets were melt-mixed at 160°C for 30 minutes using a HAAKE internal mixer. The mixed compound was hot-pressed in a mold at 160°C under 20 MPa for 30 minutes and cooled to room temperature to prepare the sample sheet.
2.3. Space Charge and Volume Resistivity Measurement. Space charge distribution was measured by pulsed electroacoustic (PEA) method under DC electric field of 50 kV/mm for 60 minutes. A positive DC voltage was applied to the sample using semiconducting layer (upper) and aluminum plate (lower grounded) electrode system. The upper electrode diameter was 40 mm and sample thickness was 150~200 μm. Charging and discharging tests were carried out for 60 minutes and 5 minutes, respectively.
Volume resistivity of sample with thickness of 1502 00 μm was measured at room temperature (25°C), 50°C, and 70°C. The measurement was performed using a threeelectrode (measuring electrode, counter electrode, and guard electrode) system; the diameter of measuring electrode was 24 mm. The charging current in the electric field of 10 kV and 20 kV was measured by electrometer for 7,200 seconds. Then, volume resistivity was calculated by the following equation [17] :
where ρ is the volume resistivity. I is the mean value of the charging current during the last 30 seconds. E is the strength of the electric field and d is the diameter of the measuring electrode.
Characterization.
The surface morphology and cross section of the sample were investigated by field emission scanning electron microscope (FE-SEM, Hitachi S-4800, accelerating voltage: 15 kV) and high-resolution transmission electron microscope (HR-TEM, JEM-2100F, JEOL). The microscale distribution of fillers in the LDPE matrix was observed via optical microscope (OM, Hirox KH-8700). The absorbance of the sample was measured by ultraviolet-visible (UV-VIS, Jasco, V530) spectroscopy. The elemental contents (C and O) and chemical functional groups of the GNP powders were analyzed using X-ray photoelectron spectroscopy (XPS, K-Alpha, Thermo Electron).
Results and Discussion
Figures 1(a) and 1(b) show the images of LDPE pellets and GNP powders used in this study. In order to prepare the LDPE/GNP insulating nanocomposite, LDPE pellets and GNP powders were mixed in a dry state using a resonant acoustic mixer (RAM) (Figure 1(c) ). By controlling the vibration through acceleration and frequency in the RAM, GNP particles were uniformly embedded (or coated) on the LDPE pellet surfaces (Figure 1(d) ). Furthermore, aggregated GNP particles above several tens of micrometers were effectively pulverized by strong collisions between particles in the RAM mixing step [25] . The surface morphologies of GNP-2 Journal of Nanomaterials Through melt-mixing process in the internal mixer, GNPcoated LDPE pellets were mechanically mixed at 160°C for 30 minutes; finally, LDPE/GNP insulating nanocomposite was fabricated. Figure 1 (g) shows a photograph of the LDPE/GNP nanocomposite containing 0.1 wt% pristine GNP fillers; the distribution of the fillers within the LDPE matrix was observed through an optical microscope (OM) (Figure 1(h) ). Since the pristine GNPs (as received) had an oxygen content of approximately 13%, filler dispersion was not properly accomplished due to the surface energy mismatch between hydrophobic LDPE matrix and GNP fillers, resulting in large amounts of GNP aggregate.
To improve the dispersibility of the GNP fillers in the LDPE matrix, hydrophobic surface modification of GNPs was carried out by defect-healing process. A schematic of the experimental defect-healing process is presented in Figure 2 (a). Defect healing of GNP powders was performed at 900~1,000°C under Ar/H 2 (200/160 sccm) atmosphere. During the process, oxygen functional groups (-OH, -COOH, and C-O-C), mainly attached on the edges of the GNPs, were rapidly removed in the form of CO or CO 2 gases. Figure 2 (b) shows carbon (C) and oxygen (O) contents according to the reduction time of GNPs at 900°C and 1000°C, respectively. The elemental content of each sample was analyzed by XPS measurement. The initial C and O contents and C/O ratio of pristine GNPs were 87.02%, 12.98%, and 6.7, respectively. Comparing the degrees of reduction at 900°C and 1000°C under identical reduction time (@ 120 min.), C/O ratio (24.6) at 900°C was found to be 1.8 times higher than C/O ratio at 1000°C (13.6). At a fixed reduction temperature of 900°C, C/O ratio gradually increased until reduction time of 120 minutes; however, when the reduction time was longer than that, C/O ratio decreased (inset of Figure 2(b) ). Thus, we selected optimum defect-healing temperature and time of 900°C and 120 minutes, respectively, to minimize the O content of GNPs; the O content at that condition was 3.91% (we denote the defect-healed GNP as GNP-T). In order to confirm the degree of surface modification of GNPs with the naked eye, solvent test was performed, with results shown in Figure 2 (c). First, the same amounts of pristine GNP and GNP-T powder were forcibly dissolved in DI water; then, xylene was added and the mixture was vigorously stirred. The resulting pristine GNP was distributed both in hydrophilic DI water and hydrophobic xylene phases, whereas GNP-T was predominantly distributed in a hydrophobic xylene phase. This is attributed to the surface of GNP-T, which is effectively modified to be hydrophobic without any organic modifiers. Figure 3 shows high-resolution XPS spectra of C 1s peak of the pristine GNP and GNP-T. As shown in Figure 3 (a), pristine GNP mainly showed peaks including graphitic C-C (284.9 eV)/C=C (284.5 eV), C-OH (285.5 eV), C-O-C (286.9 eV), and O=C-OH (289.4 eV) [26] . However, for GNP-T, the intensities of the graphitic C-C/C=C peaks were stronger than those of the pristine GNP; the peak intensities associated with oxygen functional groups (C-OH, C-O-C, and O=C-OH) significantly decreased. It is worth noting that simple heat treatment of the GNPs is sufficient to lower the oxygen content and alter the surface property, which is advantageous for actual mass production. Figure 4 provides OM images of the LDPE/GNP insulating nanocomposites, including pristine GNP (Figure 4(a)-4(d) ) and GNP-T fillers (Figure 4 (e)-4(h)) with filler contents of 0.01, 0.03, 0.05, and 0.1 wt%. Each composite sheet was prepared by hot-press molding (insets of Figure 4) . To evaluate the microscale dispersibility of the GNP fillers in the LDPE matrix, a small piece of composite sheet was inserted between transparent slide glasses and subsequently hot-pressed to fabricate a visually flat sample for OM observation. At the same filler content, GNP-T fillers were more homogeneously dispersed than pristine GNP fillers, without severe aggregation, Journal of Nanomaterials whereas pristine GNPs exhibited noticeable aggregations of tens of micrometers in lateral size. This is due to the surface energy mismatch between pristine GNP and LDPE matrix, as shown in Figures 2(b) and 3(a) . To analyze the OM images accurately, the sizes of the maximum GNP-T filler aggregates within the LDPE matrix were measured using a commercial image processing tool ( Figure S1 ). Compared to the pristine GNP fillers, it was found that the aggregate size of the GNP-T fillers was reduced by half in the entire filler concentration range and the maximum aggregate size was under 10 μm. In order to quantify the dispersibility of the GNP fillers in the LDPE matrix, the degree of dispersion of the nanocomposite was analyzed by applying the Beer-Lambert law [27, 28] . According to the Beer-Lambert law (A = ε · t · c), the absorbance (A) of the composite is proportional to the effective optical absorption coefficient (ε) at the same filler concentration (c) and composite thickness (t). Since the dispersibility of the composite is enhanced at the same filler concentration and composite thickness, the effective surface area of the fillers capable of absorbing light increases, resulting in high absorbance and high optical absorption coefficient. Figure 5 shows the thickness-normalized absorbance plot of the LDPE/GNP insulating nanocomposites, shown in Figure 4 , as a function of the filler (pristine GNP and GNP-T) concentration. The absorbance of the nanocomposite, defined as A = − log T (T: transmittance), was measured by UV-VIS spectroscopy at 550 nm wavelength; optical absorption coefficient was calculated from the slope of the plot. In the entire concentration range between 0.01 and 0.1 wt%, LDPE/GNP-T nanocomposite presented higher thickness-normalized absorbance than the LDPE/pristine GNP nanocomposite; the slopes of the plots were 18.9 (@ LDPE/pristine GNP nanocomposite) and 25.1 (@ LDPE/GNP-T nanocomposite), respectively. A comparison of these slopes shows that the dispersibility of the LDPE/GNP-T nanocomposite is 33% better than that of the LDPE/pristine GNP nanocomposite. Figure 6 shows cross-sectional SEM images of the LDPE nanocomposites having pristine GNP (Figure 6(a) ) and GNP-T fillers (Figure 6(b) ), at 0.1 wt% filler content. Dispersed fillers were marked with yellow arrows; the aggregate 5 Journal of Nanomaterials size of the GNP-T fillers was obviously reduced after surface modification of pristine GNP fillers through defect-healing process. Furthermore, the effective surface area of GNP-T fillers in the same composite area was greater than that of the pristine GNP fillers owing to the effective dispersion of the fillers in the LDPE matrix, which is consistent with the absorbance results shown in Figure 5 . Figure 6 (c) provides a TEM image of the LDPE/GNP-T nanocomposite thin film with separately isolated filler morphology.
To investigate the trapping effect of the GNP-T fillers in the LDPE nanocomposite, space charge density was measured using pulsed electroacoustic (PEA) method [29] . Since highly conductive GNP-T fillers can easily form a conductive path at high filler content, space charge distributions of the LDPE/GNP-T nanocomposites with low filler content (under the percolation threshold) of 0.01 wt%-0.1 wt% (Figure 4 (e)-4(h)) were only analyzed for 3,600 seconds under DC electric field of 50 kV/mm, with results in Figure 7 . Electric field distributions after the application of stress for 3,600 seconds are shown at the bottom of the figure. Figure 7 (a) presents the space charge behavior of a neat LDPE sample. As the charging time increased, it can be clearly seen that positive packet-like charges appeared at the anode-LDPE interfaces and moved from anode to cathode. Although the exact mechanism has not been elucidated, the accumulation of space charges is considered to be due to charged carriers in the LDPE matrix, such as byproducts that occur during the polymer synthesis process. As the content of GNP-T fillers in the LDPE matrix increased from 0.01 wt% (Figure 7(b) ) to 0.1 wt% (Figure 7(e) ), space charges that accumulated in the bulk LDPE nanocomposites moved more slowly than in the neat LDPE matrix and were hardly observed at filler content of 0.1 wt%. It is considered that dipoles induced near the dielectric GNP-T fillers under the high electric field formed a deep potential well, and so homocharges injected near the electrode were effectively trapped there by the high potential barrier to Schottky injection. Thus, space charge accumulation was suppressed, and effective electric field at the electrode-polymer interface was consequently reduced, similar to the case of initially applied electric field [20] . Maximum enhanced electric fields of neat LDPE and LDPE/GNP-T nanocomposites are summarized in Figure S2 . The maximum enhanced electric field showed a value of 67 kV/mm inside the neat LDPE sample due to the movement of positive packet-like charges from anode to cathode; field enhancement factor (FEF), which is the ratio of the electric field before and after the accumulation of space charges, was 1.34 (=67 kVmm -1 /50 kVmm -1 ). However, for the LDPE/GNP-T nanocomposite containing 0.1 wt% filler content, maximum enhanced electric field showed the smallest value of 52 kVmm -1 (FEF = 1 04) among the five samples (Figures 7(a)-7(e) ) owing to the suppressed space charges. 17 Ω · cm, 2 6 × 10 17 Ω · cm, and 4 0 × 10 17 Ω · cm for 0.05 wt%, 0.01 wt%, and 0 wt% filler contents, respectively. Despite graphene being a highly conductive material, 0.1 wt% LDPE/GNP-T nanocomposite, which has a filler content far below the percolation threshold, showed higher volume resistivity than neat LDPE. The increase in volume resistivity of the nanocomposite compared to the neat LDPE was greater at an electric field of 20 kV/mm; their volume resistivity values were 1 3 × 10 16 Ω · cm (@ 0 wt%), 9 4 × 10 16 Ω · cm (@ 0.01 wt%), 7 4 × 10 16 Ω · cm (@ 0.05 wt%), and 8 6 × 10 16 Ω · cm (@ 0.1 wt%). According to a previous study on trap level distribution of insulating increase the average hopping distance for the charged carriers, thus suppressing the transport of charged carriers [17] . From these results, it is believed that dielectric GNP-T fillers (below the content of percolation threshold) can effectively capture charged carriers injected from the electrode, resulting in an increase in the volume resistivity of the nanocomposite rather than neat LDPE. This is consistent with the result of space charge measurement in Figure 7 .
Since high voltage (V) levels inevitably cause considerable electrical stress and temperature rise (△T ∝ V 2 /ρ), which may result in electrical breakdown in the HVDC insulating material, ultrahigh volume resistivity (ρ) is required to prevent the risk of thermal runway and electrical failure [30] .
In order to observe the temperature and electric field dependence of the volume resistivity, additional volume resistivity measurement was performed at different temperatures (25, 50 , and 70°C) and electric field (10, 20 kV/mm) conditions for the LDPE/GNP-T nanocomposites having filler contents of 0 wt% (neat LDPE, hollow triangle) and 0.1 wt% (triangle) (Figure 8(b) ). As the temperature increased from 25°C to 70°C at 10 kV/mm, the volume resistivity of the 0.1 wt% LDPE/GNP-T nanocomposite dropped from 5 5 × 10 17 Ω · cm to 8 7 × 10 15 Ω · cm; it was further decreased to values of 8 6 × 10 16 Ω · cm (@ 25°C) and 9 1 × 10 14 Ω · cm (@ 70°C) at 20 kV/mm. However, in the case of neat LDPE, as the temperature increased under the same electric field condition, 
Conclusions
We demonstrated the hydrophobic surface modification of GNP fillers, via defect-healing process, and an LDPE/GNP-T insulating nanocomposite that can suppress the accumulation of space charges formed in the insulating layer of an HVDC power cable. Through the defect healing via hightemperature heat treatment, pristine GNP fillers with~13% oxygen content were readily reduced and changed to the hydrophobic surfaces similar to those of an LDPE matrix. Compared to the LDPE/pristine GNP nanocomposite, the LDPE/GNP-T nanocomposite exhibited a well-dispersed filler state corresponding to 33% dispersion enhancement, without severe filler aggregation, when thickness-normalized adsor ption-based Beer-Lambert's law was applied. The effectively dispersed LDPE/GNP-T nanocomposite with 0.1 wt% filler content showed an insulating volume resistivity of 5 5 × 10
17
Ω · cm at the measuring conditions of 10 kV/mm and 25°C. Packet-like space charges were successfully suppressed by the 0.1 wt% GNP-T fillers, which acted as trapping sites; the nanocomposite presented an FEF value of 1.04. This is attributed to the fact that large amounts of deep carrier traps, introduced by well-dispersed dielectric GNP-T fillers, interact with the original trapping sites in LDPE matrix and result in a dramatic increase of deep trap density in LDPE/GNP-T nanocomposite. It is anticipated that our simple approach for the fabrication of polyethylene/GNP-T nanocomposite-based insulating materials promises to raise the upper voltage limit of today's underground/submarine cables.
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